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ABSTRACT
Context. Dozens of protoplanetary disks have been imaged in scattered light during the last decade.
Aims. The variety of brightness, extension, and morphology from this census motivates a taxonomical study of protoplanetary disks
in polarimetric light to constrain their evolution and establish the current framework of this type of observation.
Methods. We classified 58 disks with available polarimetric observations into six major categories (Ring, Spiral, Giant, Rim, Faint,
and Small disks) based on their appearance in scattered light. We re-calculated the stellar and disk properties from the newly available
GAIA DR2 and related these properties with the disk categories.
Results. More than half of our sample shows disk substructures. For the remaining sources, the absence of detected features is due to
their faintness, their small size, or the disk geometry. Faint disks are typically found around young stars and typically host no cavity.
There is a possible dichotomy in the near-infrared (NIR) excess of sources with spiral-disks (high) and ring-disks (low). Like spirals,
shadows are associated with a high NIR excess. If we account for the pre-main sequence evolutionary timescale of stars with different
mass, spiral arms are likely associated to old disks. We also found a loose, shallow declining trend for the disk dust mass with time.
Conclusions. Protoplanetary disks may form substructures like rings very early in their evolution but their detectability in scattered
light is limited to relatively old sources (&5 Myr) where the recurrently detected disk cavities cause the outer disk to be illuminate.
The shallow decrease of disk mass with time might be due to a selection effect, where disks observed thus far in scattered light are
typically massive, bright transition disks with longer lifetimes than most disks. Our study points toward spirals and shadows being
generated by planets of a fraction of a jupiter mass to a few jupiter masses in size that leave their (observed) imprint on both the inner
disk near the star and the outer disk cavity.
Key words. stars: pre-main sequence – planetary systems: protoplanetary disks –
1. Introduction
The most direct observational approach to study planet forma-
tion − the direct imaging of forming planets − has thus far been
unproductive, with only a handful of young planet candidates be-
ing found in the literature (e.g., Quanz et al. 2013a; Sallum et al.
2015; Keppler et al. 2018; Müller et al. 2018). On the other hand,
the direct imaging of protoplanetary disks has provided several
examples of disk sub-structures (e.g., cavities, annular gaps, spi-
ral arms) that are potentially formed by an interaction with em-
bedded (forming) planets. Currently, the paucity of planet detec-
tion and the lack of a known evolutionary trend for these sub-
structures are hindering our understanding of planet/disk inter-
action processes and planet formation.
Until the advent of ALMA, optical and near-infrared (NIR)
imaging of the scattered light from protoplanetary disks was the
best method for detecting substructures (see pioneering work by
Grady et al. 1999; Augereau et al. 2001). Observations at these
wavelengths exploit the good angular resolution achieved with
single telescopes but suffer from the low contrast of any circum-
stellar emission in comparison to the star. Much of the current fo-
cus is on Polarimetric Differential Imaging (PDI) since this tech-
nique guarantees the most efficient removal of the stellar light by
separating it from the polarized fraction of the light reflected by
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Multiple symmetric, bright annuli. 
Prototypes: TW Hya, HD97048. 
Rings
Faint
Low signal. No feature visible. 
Prototypes: RU Lup, MWC480. 
Small
Signal on very small scale. 
Prototypes: HD150193, CS Cha. 
Rim
Mainly one ring around a cavity. 
Prototypes: J1604, PDS70. 
Spirals Giant
Symmetric, bright spirals on small scale. 
Prototypes: HD135344B, MWC758. 
Wrapped, asymmetric arms on large scale. 
Prototypes: HD100546, HD34282. 
Fig. 1. Sketch summarizing the classification of protoplanetary disks in scattered light used in this work (see text for details).
the disk (see e.g., Kuhn et al. 2001; Apai et al. 2004). This type
of observation traces the small dust grains (from a fraction of a
micrometer to a few micrometers in size) at the disk surface and
allows one to resolve substructures as small as 5 au from disks
at a distance of 150 pc.
Recently, several groups have started a systematic approach
to the observation of protoplanetary disks in PDI (see e.g.,
Tamura 2009; Garufi et al. 2017a). These surveys have revealed
an incredibly varied morphology of disks, with the most recur-
rent feature being an inner disk cavity as large as tens of as-
tronomical units. The existence of these cavities was deduced
from the characteristic dip in the near- and mid-IR of their spec-
tral energy distribution (SED) and led to the definition of transi-
tion disks (Strom et al. 1989) since these objects were initially
thought to represent an intermediate stage between protoplane-
tary and evolved, gas-poor disks. To date, several authors have
considered these objects to follow a separate evolutionary path
rather than being a particular stage of disk evolution, as derived
from, for example, the detection of large cavities already in very
young disks (Sheehan & Eisner 2017) and the notion that of-
ten these disks are the most massive of all protoplanetary disks
(Owen 2016).
Several other sub-structures with no appreciable impact on
the SED have been revealed by PDI images. The intriguing dis-
covery of spiral arms (e.g., Muto et al. 2012) and concentric
rings (e.g., Quanz et al. 2013b) on scales comparable or slightly
larger than the size of our solar system led to the concept of
a possible connection with yet unseen planetary companions.
The number of disks known to host any of these substructures
has now reached the several tens. Nonetheless, an evolutionary
framework for the morphology of protoplanetary disks is yet to
be established. To a large extent, this lack is to be ascribed to the
large uncertainty on the age determination, which in turn partly
comes from the uncertainty on the distance to these sources.
However, the recent GAIA DR2 (Gaia Collaboration et al. 2018)
has alleviated this issue by providing the most accurate measure-
ment of their distance.
In this study, we catalog the protoplanetary disks with PDI
images available from the literature and relate their appearance
in scattered light with both the stellar and complementary prop-
erties. To do so, we classified all objects into six major categories
and studied their appearance in the parameter space defined by
the stellar age, mass, luminosity, and variability and by the IR
excess and disk mass. We recalculated all properties to ensure
homogeneity and to account for the new estimate on the distance
from GAIA DR2. The paper is organized as follows. In Sect. 2
we present the sample and the classification used in this work
and in Sect. 3 we describe the recalculation of all properties fol-
lowing GAIA DR2. The main results are presented in Sect. 4 and
discussed in Sect. 5. We conclude in Sect. 6.
2. Sample and classification
The sample studied in this work consists of 58 sources from mul-
tiple star-forming regions observed in PDI during the last decade
with Subaru/HiCIAO (Tamura et al. 2006), VLT/NACO (Lenzen
et al. 2003), GPI (Macintosh et al. 2014), and VLT/SPHERE
(Beuzit et al. 2008). We did not consider objects observed by
space missions, like for example the Hubble Space Telescope
since the inner 1′′ around these objects was typically not ac-
cessible. However, the vast majority of those objects have also
been observed by ground telescopes and are therefore included
in this work. These 58 stars have spectral types spanning from
M1 to B9 and masses from 0.4 M to 3.0 M, covering a very
wide parameter range of intermediate- and low-mass stars. The
complete sample is described in Appendix A. We classified all
58 objects into six major categories, based on the appearance
(in spatial extent and morphology) of the protoplanetary disk in
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scattered light. The six major categories proposed are summa-
rized in Fig. 1.
Ring disks. One of the most common features imaged in scat-
tered light are concentric, typically bright rings. Prototypical ex-
amples are TW Hya (van Boekel et al. 2017) and HD97048 (Gin-
ski et al. 2016). The disk may show an inner cavity in PDI (e.g.,
HD169142, Quanz et al. 2012) but often it does not show any
down to the innermost accessible radius (typically ≈ 15 au).
Spiral disks. A few disks show bright, quasi-symmetric, dou-
ble spirals on relatively small scale (a few tens of au). The pro-
totypical cases are HD135344B (SAO206462, Muto et al. 2012)
and HD36112 (MWC758, Grady et al. 2013). Similarly to Ring
disks, these disks may (HD135344B) or may not show a cavity
(HD36112).
Giant disks. We introduce this category to account for those
disks showing multiple, asymmetric, relatively faint arm-like
structures on large scales. The morphology of the spiral arms de-
tected in for example HD31293 (AB Aur, Hashimoto et al. 2011)
and HD142527 (Avenhaus et al. 2014) is in fact clearly different
from that mentioned above. In some cases, it is not even obvious
whether the arms are wrapped spirals or tenuous, broken rings
(HD34282 and HD100546, de Boer et al. in prep. Sissa et al.
2018). We leave this case unsolved and refer to these objects as
Giant, since these extended, complex arms are always found in
disks with very large radial extent (100 au).
Rim disks. Some disks do not show any peculiar features be-
sides a bright rim at the outer edge of a disk cavity, like J1604
(Mayama et al. 2012) and PDS70 (Hashimoto et al. 2012). Sig-
nal within the cavity may be detected and can be strong in some
cases (LkCa15, Thalmann et al. 2016). This category only in-
cludes transition disks but does not include all transition disks,
as many objects of the three previous categories are also tran-
sition disks. In other words, the presence of a disk rim is not a
characteristic of Rim disks only, but in this category it is the most
obvious feature.
Faint disks. Not all disks observed in PDI actually show any
peculiar feature (e.g., RU Lup, Avenhaus et al. 2018). However,
from our experience the non-detection of features is related to
the overall faintness of the polarized signal (see Sect. 5.3 and
Appendix D). Therefore, it is possible that characteristic sub-
structures are present in the disk but remain undetected (or are
barely detected like in AS209, Avenhaus et al. 2018) given the
current achievable contrast.
Small disks. The detection in PDI of the smallest disks can
be hindered by the inner working angle achieved by the current
generation of telescopes (≈10−20 au at 150 pc). Observations
of this type of objects have thus far been mostly succeeded by
ALMA (see e.g., Barenfeld et al. 2017) but several attempts in
PDI are described by Garufi et al. (2017b), Ginski et al. (2018),
and Dominik et al. (in prep.).
We caution that this classification cannot aim at full objec-
tivity and that the categories cannot be perfectly mutually ex-
clusive. The different quality of the various datasets may also
have a marginal impact on the classification. In particular, we
find a possibly debatable assignment for approximately 20% of
the sample. In view of this, we individually discuss all contro-
versial cases and judge their impact onto the results of this work
in Appendix A.
A separate class of objects emerges from the census of im-
aged disks: the Inclined disks (with i & 70◦, like T Cha, Pohl
et al. 2017). The identification of features in these disks is sim-
ply limited by the low viewing angle. However, we do not ex-
clude these sources from the analysis since the complementary
properties that we investigate may also be impacted by the disk
orientation.
An additional element that we consider in this work is the
presence of outer stellar companions (e.g., HD150193A, Garufi
et al. 2014) and local shadows (HD100453, Wagner et al. 2015).
In particular, shadows are seen as more or less narrow dark lanes
in scattered-light images where the most realistic interpretation
is the occultation of the stellar light by some material close in.
Here we only consider shadows with clear indications in PDI
(e.g., GG Tau A and HD135344B, Itoh et al. 2014; Stolker et al.
2016a) and ignore others that have been revealed with other tech-
niques but are not seen in PDI. Furthermore, only dark features
that cannot be ascribed to the scattering phase function are con-
sidered (i.e., they are not symmetric with the disk orientation like
in HD100546 and HD31648, Garufi et al. 2016; Stolker et al.
2016b; Kusakabe et al. 2012).
3. Recalculation of stellar and disk properties
A comprehensive literature is available for the vast majority of
the sample. However, our new knowledge of the distance to the
sources (GAIA DR2, Gaia Collaboration et al. 2018) affects
most of the available estimates. In view of this and to ensure
homogeneity, we therefore recalculated several stellar and disk
properties for the entire sample.
3.1. New distance from GAIA DR2
GAIA DR2 provides the most accurate estimate for all the
sources studied in this work. In most cases, the previously avail-
able distance was within 15% from the newly available estimate.
However, a larger discrepancy is found in a few cases (e.g.,
Sz111 − from 200 to 158 pc − and LkHα330 − from 250 to
311 pc). Interestingly, a few sources have a significantly differ-
ent distance from GAIA DR1 (Gaia Collaboration 2016) (e.g.,
HD135344B − from 156 to 136 pc − and V1247 Ori − from 319
to 398 pc). The DR2 uncertainty is on average 1.3 (6.7) pc for
our sources within (beyond) 200 pc.
Even though a study of the distance of the various star-
forming regions is beyond the scope of this paper, it is worth-
while noticing that:
– All the Lupus sources (11 in this work) lie in a very narrow
range of distance (from 156 to 161 pc).
– The Taurus sources (9) are systematically further away than
what is typically assumed (an average 157 vs 140 pc).
– Sources from the Sco-Cen association (15) span a large range
of distances (from 104 to 166 pc).
3.2. Stellar properties
The complete SED from the B band to 1.3 mm of each source
was built through VizieR1. In particular, we inspected the tem-
poral evolution of the brightness in the V band through ASAS-3
(from 2000 to 2009, Pojmanski 1997) and ASAS-SN (from 2016
to 2018, Shappee et al. 2014; Kochanek et al. 2017). This en-
sured the use of the most representative photometric value and
also allowed a quantitative assessment of the stellar variability
∆V . To reject any possible bad measurements, we excluded the
10% highest and lowest values.
We adopted a PHOENIX model of the stellar photosphere
(Hauschildt et al. 1999) with the effective temperature Teff and
1 http://vizier.u-strasbg.fr/viz-bin/VizieR
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Fig. 2. Stellar properties. a): HR diagram. The three lines are the PMS tracks for the illustrative masses of 1, 2, and 3 M. b): Stellar mass vs. age
diagram derived from the PMS tracks. The average of all categories is shown at the top. The dashed line divides Herbig AeBe + F stars from TTSs
(G0-type). The three error bars shown are representative of the whole sample at different age intervals. c): Labeled version of the middle diagram.
Circles indicate the presence of a cavity imaged with PDI and/or in the millimeter.
extinction AV taken from the literature, and surface gravity
log(g) = −4.0. We calculated the stellar luminosity L∗ by inte-
grating the photospheric model scaled to the dereddened V mag-
nitude and known distance d. Finally, we constrained the stellar
age t and mass M∗ by comparing the pre-main-sequence (PMS)
stellar tracks by Siess et al. (2000) with our newly derived L∗
and the literature Teff . We adopted solar metallicity, except for a
few cases with known depleted metallicity (Folsom et al. 2012;
Kama et al. 2015). Error bars on M∗ and t are derived by prop-
agating the uncertainty on AV (20%) and distance onto L∗ and
a conservative ∆Teff = 200/400 K for TTSs/Herbig stars. The
uncertainties on AV and ∆Teff are chosen to account for most
different estimates available from the literature while the final
error bars do not include the slightly discrepant values of M∗
and t found by different evolutionary tracks (see e.g., Soderblom
et al. 2014). For a few sources older than 10 Myr, the uncertainty
is large enough that the adoption of an upper limit is preferable.
The adopted literature properties of the entire sample are listed
in Table 1 while the newly calculated ones are shown in Table 2.
3.3. Infrared excess
From the SED, we obtained a self-consistent measurement of the
NIR and far-IR (FIR) excess as in Garufi et al. (2017b). This is
done by integrating the flux in excess to the stellar photosphere
from 1.2 µm (2MASS J band) to 4.5 µm (WISE W2 band) and
from 22 µm (WISE W4 band) to 450 µm, respectively, and by
normalizing by the stellar luminosity. The error bars are entirely
due to the uncertainty on the AV (20%) since the error for the
photometry is negligible. The calculated values are listed in Ta-
ble 2. For some sources, these values were already shown by
Garufi et al. (2017b), Banzatti et al. (2018), and Avenhaus et al.
(2018).
3.4. Disk mass
We constrained the disk dust mass of each object through the
integrated (sub-)millimeter flux. We retrieved the flux Fmm at
1.3 mm, and at 0.88 mm when the former was not available (see
Table 1) and converted it following
Mdust =
Fmmd2
κλBλ(Tdust)
, (1)
where κλ is the dust opacity and Bλ(Tdust) the Planck function
at the dust temperature Tdust. We assumed κλ to scale inversely
with λ from a characteristic value of 10 cm2/g at the frequency
of 1000 GHz (Beckwith et al. 1990). Given the variety of stars
of this work, we assumed Tdust = 25 (L∗/L)1/4 K as in Andrews
et al. (2013). The error bars were obtained from the uncertainty
on L∗, d, and Fmm. Additional uncertainty may come from the
possibly different Tdust and κλ of disks at different evolutionary
stages or of different radial extent. In this work, we make use of
the normalized Mdust/M∗, whose values are shown in Table 2.
4. Results
In this section, we show how the different categories of disks pro-
posed in Sect. 2 are distributed with respect to the environment,
stellar, and disk properties calculated in Sect. 3.
4.1. Disk features versus stellar properties
The distribution of the entire sample in the HR diagram is shown
in Fig. 2a. It is clear that with the sources of this work, both stel-
lar luminosity and temperature are rather uniformly covered, re-
versing the initial trend of a few years ago when hotter stars had
primarily been observed. The available sample mostly includes
single stars as, to our knowledge, only 12 objects are multiple
systems. Of these, five are circumbinary disks (with a triple sys-
tem in one case, GG Tau A) and eight are circumprimary disks
with an outer companion on a large orbit2. There is no obvious
trend with the disk properties, beside the fact that disks are small
when they host an outer companion (see Appendix A).
The distribution of disk categories within the HR diagram is
uniform, except for two cases: the Spiral disks are thus far only
found around earlier-type stars (Teff > 5800 K) and the Faint
disks are primarily associated to late-type stars. As described in
Sect. 3.2, the comparison between observations and PMS tracks
yielded the stellar mass and age shown in Fig. 2b. Here, it can be
seen that the vast majority of Faint disks are young. It is there-
fore debatable whether the segregation of these disks is intrin-
sically due to the cold or to the young nature of the host star.
At this stage, it should be noted that four Ring disks have simi-
larly low stellar temperature (Fig. 2a) but only one is of similar
age to the Faint disks. Furthermore, the top data point of both
diagrams, HD179218, is Faint and the star is hot and young.
These aspects may suggest that the accumulation of Faint disks
2 The sum yields 13 and not 12 as CS Cha (Ginski et al. 2018) belongs
to both categories.
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around late-type stars is to be ascribed to their young age, and
the observational implication is a segregation around cold stars
(since all young, intermediate-mass stars are late-type). To test
the significance of this accumulation, we took the distribution
in age of Faint disks and of the rest of the sample and used
the Kolmogorov-Smirnov (KS) two-sided test. The maximum
deviation between the cumulative distributions is ∼0.6, with a
low probability (∼2%, corresponding to 2.3σ significance) that
the two samples are similar. This finding is further discussed in
Sect. 5.3.
From Fig. 2b, it should also be noted that Spiral disks are al-
ways around stars that are old for their given mass (massive stars
evolve faster). The KS two-sided test shows a low probability
(∼2%, 2.3σ significance) that disks with spirals are of similar
age to those without spirals. It should also be noted that stars
with Spiral disks are never less massive than 1.5 M. Also, Ring
disks are typically old with only one source out of twelve being
younger than ∼ 4 Myr, while Giant disks are moderately young
with none of them in the oldest tertile. These results are dis-
cussed in Sect. 5.1. Finally, Inclined disks are significantly older
than those of all other categories. Unlike the others, this behav-
ior is most likely artificial. For statistical reasons, they should in
fact not be different from the others while it is possible that in
such geometries a fraction of the stellar radiation is intercepted
by the upper disk layer. Consequently, stars will appear fainter,
and thus less massive and older (see Fig. 2a).
More generally, three deserts clearly appear in Fig. 2b.
One, to the top right, is explained by the shorter evolutionary
timescale of more massive stars, reaching the MS in a few mil-
lion years. This rapid evolution of the star should therefore re-
flect a rapid dissipation of the disk making the existence of a disk
around an evolved, massive star unlikely.
Two well-known sources that lie to the left of the diagram
(i.e., the young super-Solar stars) are T Tau and RY Tau, namely
two bright TTSs associated to extended emission (Csépány et al.
2015; Takami et al. 2014). It is possible that stars in this regime
are still partly embedded in the natal cloud.
On the other hand, the lack of old sub-solar-mass stars is
most likely a sensitivity bias. In fact, we calculated that a 6
Myr-old TTS of 0.5 M at a representative distance of 150 pc
has an apparent magnitude in the R band of approximately 13.
This value is around the current limit of observability for the
current generation of instruments and restricts the observability
of < 0.5 M-mass stars at 150 pc to those older than 2-3 Myr.
This limit is even more stringent for extincted and distant sources
since it impacts on all sub-solar-mass stars with either AV > 2.0
or further away than 300 pc (see Table B.1). The only object ly-
ing in this region of the diagram is TW Hya, which is in fact
much closer to us (60 pc) than all other stars.
In Fig. 2c, the distribution of disk cavities is shown. In par-
ticular, we show whether or not disks host a resolved cavity with
either PDI or (sub-)mm interferometry. Most of the sources of
this work (≈65%) have a cavity. Sources with no evidence of a
cavity are mostly Faint, Small, and Inclined disks. Reasons and
implications of this finding are discussed in Sect. 5.2.1.
Finally, the stellar variability ∆V estimated as described in
Sect. 3.2 spans from 0.0 to 3.1. The distribution with disk cate-
gories is relatively uniform, except for Inclined disks having an
average ∆V significantly higher than the other categories (1.0 vs
0.5) most likely because of occultation of the stellar photosphere
by material in the line of sight. Interestingly, no Ring disks have
∆V > 0.5 and the average is as low as 0.2 (see Appendix A).
4.2. Disk features versus other disk properties
4.2.1. The SED
The NIR and FIR excess of the entire sample is shown in Fig. 3.
Three major clusters of objects are identified. Most sources sit to
the left of the equality line, that is, they have a NIR excess nu-
merically equal to or lower than the FIR excess. Eleven sources
have intermediate NIR excess and low FIR excess; this region
of the diagram identifies the empirical classification of Group II,
namely those sources with low far-IR excess (see Meeus et al.
2001, and Sect. 5.3). Finally, a few sources have both very high
NIR and FIR excess.
The diagram shows a hint of segregation for some of the cat-
egories depicted in Fig. 1. In fact, the vast majority of Ring disks
lie in the major group of objects with intermediate FIR and low
NIR excess. On the other hand, five out of six Spiral disks have
high NIR excess, which corresponds to a significance probabil-
ity of 94% (1.9σ significance) of actual segregation from the KS
test. Furthermore, all Small disks belong to the Group II cluster.
The other categories are spread anywhere in the diagram.
These results suggest that although the physical conditions
that contribute to the appearance of faint, rim, and giant disks
may be diverse, the dichotomy between spiral and ring disks
might be traced back to one specific origin. This element must
also have an impact on the appearance of the SED, and in par-
ticular on the NIR excess. A similar result was found by Garufi
et al. (2017b) and Banzatti et al. (2018) and is further discussed
in Sect. 5.2.
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Fig. 4. Dust disk mass with time. a): For the categories of these works. Their average is shown to the right. The error bars in the bottom area are
representative of different ages while those on the disk mass are comparable to the symbol size. b): Labeled version of a). Inclined disks are not
included. Disks where an outer stellar companion is present are indicated by the twin dots. The best-fit to our data is shown as a dashed line. The
median of Taurus, Lupus, Chamaeleon, and upper Scorpius is shown as crosses. c): Same as b), with the age being normalized to the ZAMS (see
text). d): Only sources belonging to the main SFRs. Here small disks are indicated by the black dot and inclined disks by the horizontal bar.
The distribution of cavity and shadow across the sample is
shown in Fig. 3b. To directly relate cavity and shadow, here we
only mark the existence of a cavity if it is detected in PDI (unlike
Fig. 2c). Interestingly, we found that among the sources with a
resolved millimeter cavity, as much as ∼40% do not show any
cavity in PDI. In Fig. 3b, cavities seem uniformly distributed
with the exception of Group II sources, where a cavity is never
present. On the other hand, shadows are mostly found in high-
NIR sources (with the only exception being DoAr44) and pre-
dominantly in Giant and Spiral disks. By performing the KS test
in this case, we reveal that there is also a very low probability
that disks with shadows have a similar NIR excess to the rest
of the sample (∼6%). In particular, it should be noted that for all
the sources with NIR > 15% the presence of a cavity in scattered
light implies the presence of a shadow. This trend is discussed in
Sect. 5.2.
4.2.2. Disk masses
The dusty disk/stellar mass ratios obtained in Sect. 3.4 are related
to the stellar age in Fig. 4a. A clear yet loose trend is visible in
the diagram with several young sources having a mass ratio be-
tween 10−3 and 10−4 and all old sources having one . 10−4. Any
quantitative considerations on the trend suffer from the large un-
certainties on the age (in particular for t & 5 Myr). The Pearson
correlation coefficient for the relation is −0.37, indicating a weak
correlation between the two quantities.
Interestingly, a large fraction of the young, Faint disks dis-
cussed in Sect. 4.1 are among the most massive disks of the entire
sample. A few others have instead comparably low mass to the
Small disks suggesting that diverse geometries contribute to the
faintness in scattered light. Spiral disks have slightly lower dust
mass than the other categories with features. Finally, Inclined
disks all lie in the lowest half of the distribution, which is con-
tradictory from statistical considerations. This may indicate that
dust masses of disks seen almost edge-on may be significantly
underestimated because of marginally, optically thick emission
even at millimeter wavelengths.
In Fig. 4b, we show how the sources of this work relate to
the median from different star-forming regions (SFRs). We ex-
tracted the best-fit to our data (red, dashed line) excluding non-
detections in the millimeter and Inclined disks for which the
age determination is possibly biased (see Sect. 4.1) and com-
pared it to the median (blue crosses) found for Taurus, Lupus,
Chamaeleon, and Upper Scorpius (Villenave et al. in prep.).
Clearly, this line lies above the SFRs indicating that disks ob-
served thus far in scattered light represent the upper tail in the
mass distribution. The few sources of our sample lying below
the median of SFRs are typically Small disks, with an outer stel-
lar companion that is likely truncating the circumprimary disk.
Given the overall trend, the absence of disks around stars older
than 15−20 Myr clearly implies that a more rapid dissipation
eventually occurs.
In Fig. 4c, we also compare the disk mass with the age nor-
malized to the time needed to a star with the respective mass
to reach the zero age main sequence (ZAMS, from Siess et al.
2000). In this case, the majority of sources seem to align on
the trend, with the exception of the Small, truncated disks and
the exceptionally massive GG Tau and HD142527. More quan-
titatively, the correlation is stronger as the Pearson coefficient
is −0.50. This is likely an indication that the dust dissipation is
more easily observable when accounting for the different evolu-
tion timescales of stars with a different mass.
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4.3. Disk features versus the environment
Most of the sources observed thus far in scattered light be-
long to a specific SFR. The only exception is, to our knowl-
edge, HD179218, while TW Hya and V4046 Sgr are part of
stellar groups devoid of any other protoplanetary disks. A few
sources are the only representative of more or less large regions,
like for example IRAS 08267-3336 (Gum Nebula), RX J1852.3-
3700 (Corona Australis), and V1247 Ori (Orionis OB1). Three
sources belong to  Cha (PDS 66, T Cha, DZ Cha).
Much larger samples are instead provided by Taurus,
Chamaeleon, and the large associations of Lupus, ρOphiuci, and
Scorpius-Centaurus. With the distance of all objects now avail-
able, studying the distribution of more complete samples within
these regions is certainly worthwhile. Within the framework of
this work however, we focus on the four dozen objects with re-
solved scattered-light observations.
Taurus. Our nine sources in Taurus belong to four different
sub-regions (VI, V, X, and the eastern edge) and this is reflected
in very different ages and therefore disk masses (see Fig. 4d).
Given this, the comparison to the average disk mass is probably
meaningless. In PDI, the Taurus sources imaged thus far already
show all sorts of structures but they are typically extended (i.e.,
no Small disk belongs to Taurus).
Chamaeleon. Unlike Taurus, all Chamaeleon sources (7) are
very tightly distributed (all within 20 pc of relative distance).
Their age is in fact limited to ≈ 4 Myr. Interestingly, four out
of seven disks appear Small. The only prominent disk thus far
observed in scattered light is HD97048.
Lupus. All Lupus sources (12)3 are relatively close in space
and age (see Fig. 4d). The only sources that in our calculation ap-
pear much older than the rest of the sub-sample are two Inclined
disks, MY Lup and IRAS 16051-3820. This is possibly addi-
tional evidence that the age determination from inclined disks is
problematic (see also Sect. 4.1). From the comparison with the
average disk mass for Lupus, a very strong bias toward massive
disks emerges. Nonetheless, many disks are Faint in scattered
light (whereas others − like IM Lup and RX J1615 − are very
prominent).
Upper Sco and ρ Oph. On the sky plane, ρ Oph is embedded
in Upper Sco. The 3D map now shows that its sources are intrin-
sically very close to some sources in Upper Sco4. From Fig. 4d,
the Upper Sco sources appear as an ideal prosecution in time of
ρ Oph. Other Upper Sco sources at smaller distance and the Up-
per Cen sources instead span a much larger interval of age and
disk mass.
Figures 4d also shows how the trend for the disk mass with
age in these regions is possibly less dispersed and less shallow
than the main one. In fact, drawing only sources that do not be-
long to these regions results in no trend.
5. Discussion
In this section, we discuss the implications of the primary results
listed below that emerged from the analysis of Sect. 4 and that
only concern the 58 sources of this work and are found with a
∼2σ significance:
3 In this work, we consider HD142527 as Lupus source. Even though
it is typically associated to the Upper Cen association, its new distance
makes it closer to Lupus
4 In this work, we consider HD150193 as ρ Oph source. Even though
it is typically associated to the Upper Sco association, its new distance
makes it closer to ρ Oph, namely those at 140-165 pc
– Faint disks are young.
– Spiral disks are old, being at the end of their PMS evolution.
They have high NIR excess and moderate disk mass.
– Ring disks have low NIR excess and stellar variability, and
no outer stellar companion or shadow.
– Shadows are seen in sources with high NIR.
– There is a loose, shallow, declining trend for the dust disk
mass with age (which is slightly stronger when we account
for the evolutionary timescales of stars with different mass).
– Current estimates of age and mass of Inclined disks may be
incorrect
– We are currently biased toward old super-solar and young
sub-solar stars, as well as toward massive disks.
5.1. Timescale for the formation of substructures
Addressing the timescale for the formation of disk features is
also pivotal in understanding their origin. As an example, the
ALMA image of HL Tau (ALMA Partnership et al. 2015) shows
multiple rings that might be inconsistent with planet/disk inter-
action in the core accretion scenario (Pollack et al. 1996), given
the young stellar age. When studying the temporal evolution
of any disk feature in scattered light, we must keep in mind
that super-solar-mass stars observed thus far are primarily old
whereas sub-solar stars are primarily young (see Fig. 2b).
In this work, we show that rings are typically imaged in scat-
tered light around older stars. This notion by itself would sug-
gest that these structures are formed a few million years after
the stellar formation. However, we also show that many young
disks are actually faint in scattered light and this may hinder the
detection of disk features. The prototypical example of this be-
havior is AS 209 where the disk clearly shows multiple rings in
the sub-millimeter (Fedele et al. 2018) that are only barely de-
tected in scattered light (Avenhaus et al. 2018). Therefore, the
accumulation of Ring disks around older stars may only be due
to the global faintness of young objects in scattered light (dis-
cussed in Sect. 5.3) and rings may well form early (2 Myr) but
only become detectable later in the disk lifetime (&2 Myr).
In principle, the same considerations may apply to spirals.
In fact, we find that the six stars hosting spiral-disks are all at a
very late stage of their PMS evolution. In absolute terms, their
age varies from ∼3 Myr to ∼12 Myr depending on their mass.
In relative terms, these ages correspond to >80% of their PMS
lifetime. Unlike Ring disks, we found no source at an earlier
evolutionary stage suggesting that the trend may be due to an ac-
tual late formation for spiral arms. This scenario also provides a
possible explanation for the lack of spiral disks around TTSs. In
fact, very few old (>5 Myr) low-mass stars have been observed
in scattered light (see Fig. 2b).
5.2. Origins of substructures
Since the start of protoplanetary disk imaging, it has been clear
that disks often show substructures. From this work, it turns out
that when the disk size, brightness, and orientation allow it, such
features are always detected. In fact, the only sources showing
no extended arms, spirals, or rings are the inclined disks (be-
cause of the geometry), the faint disks (because of the sensitivity
of the observations), and the small disks (because of the angu-
lar resolution). Clearly, the first category does not represent an
observational bias as we can assume that inclined disks appear
identical to the others. As discussed in Sects. 5.1 and 5.3, in faint
disks the same structures may be present but remain elusive.
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As for small disks, we cannot conclude anything about the
existence of substructures. In particular, it would be interesting
to investigate whether the extended structures that are recurrently
observed in giant disks are also present in small disks, making
them a scaled-down version of the large disks. This work (and
the current generation of telescopes) does not answer this ques-
tion. Nonetheless, it must be noted that the NIR excess of these
objects is typically within a narrow range of values (see Fig. 3a
and Banzatti et al. 2018) suggesting that the physical conditions
of the inner regions are more uniform than for extended disks.
5.2.1. Cavities
The high occurrence of cavities in the sample of imaged disks is
well known. Any considerations on the distribution of disk cav-
ities within this sample may be biased by the abnormally large
fraction of transition disks in current PDI samples. As mentioned
in Sect. 4.1, ∼65% of our sources show a cavity and this is a
lower limit to the fraction of transition disks since some cavities
may be too small to be resolved (see e.g., Menu et al. 2015).
Splitting the sample into young and old sources with threshold
at 4 Myr yields &50% and &70%, respectively. These numbers
must be compared to those obtained photometrically from large
samples like the 8% and 46% fraction of old and young transi-
tion disks, respectively, by Balog et al. (2016) or the generally
accepted ∼10% (see review by Owen 2016). Therefore, the cur-
rent sample is clearly biased toward transition disks and any es-
timate on the temporal evolution of disk cavities may be partial.
Focussing on our sample, a disk cavity has been imaged in
scattered light and/or in the (sub-)millimeter for all the Rim (by
definition), Spiral, Giant, and for most of the Ring disks. A sig-
nificant exception within the Ring disks is HD163296 (Muro-
Arena et al. 2018). On the other hand, a disk cavity is rarely
imaged in the Faint, Small, and Inclined disks. For Faint disks
the absence of a large cavity could be the origin of their faint-
ness (see Sect. 5.3), while for Small disks it is an obvious con-
sequence of their nature, and for Inclined disks it is an observa-
tional bias. In fact, in scattered light an inclined disk likely hides
the cavity. In principle, (sub-)millimeter images should always
reveal a cavity but it is not obvious whether all disks are actually
optically thin at those wavelengths.
An important element to understand the origins of disk cav-
ity is the large number of disks with a cavity detected in the
(sub-)millimeter but not in PDI (∼40%, see Sect. 4.2.1). Within
the remaining ∼60%, approximately half (i.e., ∼30%) show a
smaller cavity in PDI than in the millimeter (e.g., Garufi et al.
2013), resulting in ∼70% of the millimeter-cavities being smaller
in the NIR. This morphology is a natural result of dust filtration.
In particular, the spatial segregation of small and large grains is
indicative of dust trapping at the outer edge of a gap carved in
the gas surface density by a massive planet (Pinilla et al. 2012;
de Juan Ovelar et al. 2013). Other mechanisms that lead to parti-
cle trapping, such as the outer edge of a dead zone, do not lead to
this segregation resulting in cavities of similar size at short and
long wavelengths (Pinilla et al. 2016a).
5.2.2. Shadows
An important finding of this work is that sources showing a
shadow in the outer disk systematically have a high NIR ex-
cess (see Fig. 3b and also Banzatti et al. 2017). In particular,
when a high-NIR source shows a disk cavity in scattered light it
also shows a shadow. For disks without a scattered-light cavity,
like for example HD36112, shadows may be present at a smaller
scale than what is currently accessible with PDI observations.
The most plausible explanation for shadows in the outer disk
is the existence of a dust belt at a distance to the star of less than
1au. This belt must be sufficiently misaligned with respect to
the outer disk to allow the projection of azimuthally confined
shadows (Marino et al. 2015; Benisty et al. 2017; Min et al.
2017). In turn, the misalignment is best explained by the pres-
ence of a massive planet or a low-mass star on an inclined orbit
(Facchini et al. 2013). Our finding that the presence of shadows
corresponds to a high NIR excess implies that this inner disk
must also be vertically extended. In fact, all possible scenarios
for an increased NIR (e.g., a magnetically supported disk atmo-
sphere or the presence of warps induced by a companion, Flock
et al. 2017; Owen & Lai 2017) invoke an increased vertical scale
height of the dusty structures.
Therefore, massive planetary companions within the disk
cavity can explain both the misalignment and the vertical extent
of inner disk structure that are responsible for shadows and high
NIR. However, in the case of a massive planet being the origin
of the cavity, the NIR excess is expected to decrease with time.
In particular, disks older than 3−5 Myr that host a very massive
planet (&5 MJup) on a circular orbit should not show any NIR
excess, since all the dust is filtered in the outer disk and the op-
tically thick dust belt near the star cannot be replenished (Pinilla
et al. 2016b). Conversely, the NIR in our old sources is systemat-
ically high. This implies that the planetary scenario is consistent
with our observations only if the putative companion has a mass
that is between a fraction of a Jupiter mass and a few Jupiter
masses.
5.2.3. Spirals
Similarly to shadows, spiral arms are likely associated with a
high NIR excess (see Fig. 3). The consequence of this double
connection is the known association between spirals and shad-
ows (see e.g., Wagner et al. 2015; Garufi et al. 2017b). Shadows
may actually be the best vehicle to connect spirals in the outer
disk and high NIR in the inner disk, in a scenario where the re-
duced gas pressure under the shadow may (contribute to) ex-
cite spiral waves (Montesinos et al. 2016). While in some disks
like HD100453 (Benisty et al. 2017) the morphological connec-
tion between shadow and spiral seems obvious, in others, like
HD135344B (Stolker et al. 2017), shadows are variable in both
azimuthal position and contrast, leaving the association to spirals
less straightforward.
An alternative view is that a planetary companion within the
disk cavity is directly responsible for the spiral wave excitation
in the outer disk (e.g., Ogilvie & Lubow 2002) and at the same
time for the inner disk misalignment. In this scenario, spirals
and shadows would have the same origin but different physical
mechanisms. On the other hand, gravitational instability (e.g.,
Durisen et al. 2007) is an unlikely origin for spirals since (i) it
requires massive disks whereas Spiral disks have typically low
mass (see Fig. 4a), (ii) it is more efficient at earlier evolutionary
stages while Spiral disks are old (see Sect. 5.1), and (iii) it does
not explain the high NIR of these sources. In any case, the old
age of Spiral disks implies that the mechanisms responsible for
the spiral formation occur or become dominant only later on in
the disk/stellar evolution. In the planetary scenario, this is spec-
ulatively explained by the fact that the disk breaking necessary
for the formation of a misaligned inner disk is favored when the
disk aspect ratio and temperature are low (Facchini et al. 2018).
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It must be noted at this stage that these considerations only
apply to the quasi-symmetric, bright spirals detected in PDI on
a small scale (10−30 au). Very extended, tenuous spirals on a
larger scale, like in HD100546 for example, and spirals detected
with ALMA (like Elias 2-27, Pérez et al. 2016) likely have a
different origin.
5.2.4. Rings
Finally, our study does not highlight any peculiar property as-
sociated with disks that have rings. In fact, the 12 disks of this
type are never associated to any outer stellar companion, their
NIR and FIR excess is moderate, they never show any shadow
in PDI, and their hosting star is never particularly variable. In-
stead, their dust mass spans the almost entire interval shown by
our sample. All in all, the perspective of this work is that disks
with rings are the normality and our analysis cannot disentan-
gle between their origins, being for example the interaction with
companions (e.g., van Boekel et al. 2017) or the accumulation
and growth of dusty material at the various ice-lines (e.g., Zhang
et al. 2015).
5.3. Faint disks in scattered light
It is known that protoplanetary disks appear generally bright in
the visible/NIR scattered light. However, up to ∼25% of our
disks appear faint. The majority of these are found around young
stars. In other words, the amount of scattered light generally
tends to increase with the stellar age, as can be seen from Fig. 5a
for some illustrative sources. Broadly speaking, causes for the
disk faintness can be diverse. HD179218 and DZ Cha have low
dust mass (see Fig. 4a) despite being young. This is possibly ex-
plained by the presence of an outer companion (Thomas et al.
2007) and photoevaporation (Canovas et al. 2017), respectively.
HD163296 and HD31648 are the prototypical Group II ob-
jects, namely those Herbig stars with a moderate FIR excess that
is fitted by a single power-law continuum (Meeus et al. 2001).
Historically, these objects were considered as an evolved, flat-
tened version of the flared Group I disks. Nowadays, the prop-
erties of Group II, including faintness in scattered light, are best
explained by the absence of a disk cavity in a geometry where
the outer disk remains mostly self-shadowed (Muro-Arena et al.
2018). As shown in Fig. 3 and discussed by Garufi et al. (2017b),
different disk morphologies result in the observational criteria
defining Group II (mostly a FIR excess lower than 5−6%): Small
disks, Faint disks, Inclined disks and one Ring disk (HD163296).
What all these disks have in common is the absence of a large
cavity.
Finally, the faintness of massive disks like Sz71, CI Tau,
AS209, and RU Lup is more controversial since these objects
have a large FIR excess (they are, formally speaking, Group I).
A likely explanation for this contradiction is the different origin
of the FIR excess; in evolved sources (&3 Myr) this component
is primarily originated in the directly illuminated outer disk sur-
face, whereas in younger sources it is partly due to some uplifted
material or envelope that is inherited from previous evolutionary
stages. This dichotomy is clear in Fig. 5b, where we show that,
among the oldest sources, only disks with a cavity are bright in
the FIR whereas, among the youngest, this excess can be large
even in disks with no cavity. Thus, in disks with no cavity the
FIR excess tends to decrease with time. The large FIR excess
of many young sources does not have a counterpart in scattered
light and the disk therefore looks faint. In other words, the ab-
1 10
1
10
Po
la
riz
ed
-to
-st
ell
ar
 lig
ht
 co
nt
ra
st
 (‰
)
1 10Age (Myr)
1
10
Spiral
Rings
Rim
Giant
Faint
Small
Scattered-light bright
Scattered-light faint
a)
HD163296
1 10Age (Myr)
10
Fa
r-I
R 
ex
ce
ss
 (%
)
1 10
10
No cavity imaged
Cavity imaged
Far-IR bright
Far-IR faint
b)
Fig. 5. Temporal evolution of the polarized light contrast (a) and FIR
excess (b) for some illustrative sources, in (a), and the entire sample,
in (b). The values for the contrast are from Garufi et al. (2017b) and
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sence of a cavity is the most likely reason why these disks are
faint in scattered light even though an additional cold compo-
nent unrelated to the disk surface distinguishes them from the
observationally defined Group II.
Summarizing, the disk faintness in scattered light seems to
always be related to the absence of a cavity. In this framework,
the accumulation of Faint disks around young stars could be
proof that (i) some disk cavities are formed after ≈3 Myr, or that
(ii) mainly disks with a cavity live for &5 Myr (see Sect. 5.4).
5.4. Disk evolution and dissipation
Our sample shows a shallow, declining trend for the dusty disk
mass with time (Fig. 4). In principle, the trend suggests that the
disk evolution is universal since our sources belong to a dozen
SFRs. We must nonetheless keep in mind the scatter and the bi-
ases of the trend. Large scatter is found already in the corre-
lation between disk and stellar mass (see e.g., Pascucci et al.
2016). Since our diagrams show the dust masses normalized to
the stellar mass, this scatter is included in the trend. It is possible
that this dispersion is the result of different initial conditions or
evolutionary paths of protoplanetary disks. The fact that the cor-
relation with the age is less dispersed when accounting for the
different PMS timescales (see Fig. 4c) is a likely indication that
disks around different stars evolve differently.
We showed that the current dataset of disks in scattered light
represents the upper tail of dust mass distribution of all disks (see
e.g., Ansdell et al. 2016; Pinilla et al. 2018, for comparison). In
particular, our sample likely represents the vast majority of the
most massive protoplanetary disks within 200 pc. This is clearly
an observational bias but, as such, it may be used to infer that
the dissipation of material in massive disks is a slow process (as
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dictated by the shallow trend). Speculatively, this is explained
by the propensity of more massive disks to form massive plan-
ets (Mordasini et al. 2012) and by the efficiency of these giant
planets to retain part of the dusty material at large disk radii for
a longer time (Pinilla et al. 2012).
This scenario may also reconcile with the age inhomogene-
ity of our sample. In fact, the number of disks older than 10 Myr
is comparable to that of disks of 1−3 Myr, whereas this ratio
is 1:7 based on the excess at 20 µm of large surveys (see Er-
colano & Pascucci 2017, and references therein). Interestingly,
the generally reported disk lifetime of 4−6 Myr (see e.g., Ribas
et al. 2014) approximately corresponds to the age of the oldest
Faint (cavity-less) disks of our sample. After this time, all the
non-inclined disks show a cavity in the (sub-)millimeter and are
bright in scattered light. One potential explanation for the high
occurrence of transition disks among the old sources is the afore-
mentioned propensity to form massive planets. Thus, massive
disks with large cavities may have different evolutionary paths
from the others (see e.g., Pinilla et al. 2018) and the disk features
that we observe, particularly the spirals, may be less common in
short-lived, cavity-less disks.
As for the less massive disks that are not included in this
sample, it is possible that their evolution is far more rapid. As
mentioned in Sect. 5.3, the low mass of the outliers HD179218
and DZ Cha is best explained by the tidal interaction with an
outer companion and internal photoevaporation, respectively.
According to Long et al. (2018), these two mechanisms are the
most likely responsible for the low-mass disks that do not fol-
low the disk-stellar-mass scaling law. As for the former expla-
nation, the actual number of small disks (possibly truncated by
an outer companion) is much larger than that of this sample (see
e.g., Barenfeld et al. 2017). Also, the fraction of stellar systems
in our sample (≈20%) is much lower than the real one (≈50%,
Duchêne & Kraus 2013), suggesting the existence of many low-
mass disks that would steepen the temporal decline of the disk
mass in Fig. 4.
5.5. Current and future framework of PDI observations
Imaging protoplanetary disks with PDI in the NIR has two im-
portant limitations. First, the angular resolution (although ex-
cellent) and small size of protoplanetary disks limit the observ-
ability range to a distance smaller than 400 pc (preferably even
smaller than 200 pc). Second, the adaptive optics at the telescope
set a certain threshold in the apparent optical or NIR brightness
of the star (dependent on the instrument). Both a low intrinsic lu-
minosity and a high circum- and interstellar extinction contribute
to lowering the apparent magnitude. These limitations concur to
confine the available sample to the stellar masses and ages shown
in Fig. 2c and Table B.1. To quantify the impact of these limita-
tions on the current sample, we derived the fraction of stars from
Taurus (from Andrews et al. 2013), Lupus (Ansdell et al. 2016),
Chamaeleon I (Long et al. 2017), and Upper Sco (Barenfeld et al.
2017) with R mag < 13. This yielded 51%, 31%, 30%, and 46%,
respectively. Therefore, we are currently only able to access less
than half of the PMS stars within 200 pc.
PDI observations of high-mass stars (M > 3 M) are uncom-
mon because of the scarcity of nearby O and early-B stars, while
those of very low-mass stars (M < 0.5 M) are challenged by
their low brightness. This element also introduces a bias to the
age of moderately low-mass stars (M < 1 M), as only those
younger than 5−6 Myr are bright enough. In this work, we also
showed that all disks younger than 2−3 Myr are difficult tar-
gets in PDI because of both (i) the extended emission occulting
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Fig. 6. Sketch summarizing the results on the taxonomical analysis of
58 protoplanetary disks in scattered light. The above panel emphasizes
the young age of faint disks and the old age of spiral disks relative to
the respective PMS stellar lifetime. It also highlights the space of stellar
properties that is not covered by the currently available sample. The
below panel sketches the shallow trend of the dust mass with time for
the transition disks that are typically observed in PDI.
the star or dominating the polarimetric contribution and (ii) the
paucity of large cavities that leaves the outer disk substantially
under illuminated.
All in all, PDI applied to this generation of telescopes
has been very useful for the detection of disk features around
single, relatively evolved, intermediate-mass stars (like e.g.,
HD135344B and HD169142, Muto et al. 2012; Quanz et al.
2012) or exceptionally extended and bright objects (like GG Tau
and IM Lup, Yang et al. 2017; Avenhaus et al. 2018) but the
characterization of brown-dwarf disks, small disks, and early-
stage disks will be hindered by the aforementioned limitations.
Nevertheless, enlarging the sample to more TTSs (proceeding
e.g., the line of investigation by Avenhaus et al. 2018) is of piv-
otal importance to confirm or reject the trends highlighted in this
work.
6. Conclusions
In this work, we investigate the origin and the timescale of pro-
toplanetary disk substructures through a taxonomical analysis of
a large set of scattered-light images from the literature. We clas-
sify 58 disks into six major categories based on their appearance
in polarimetric light (PDI). The comparison with their newly cal-
culated stellar and disk properties from GAIA DR2 has led to the
following major trends.
1. Disk substructures are always seen when the disk is extended
and bright enough (given the resolution and contrast).
2. Young disks (.5 Myr) are typically faint in scattered light,
whereas old disks are systematically bright.
3. Disks observed thus far show a loose, shallow decline of dust
mass with time. The outliers are typically truncated disks.
4. The presence of spirals and shadows is associated to a high
NIR excess. Disks with rings have low NIR excess.
5. Spirals are found only around stars toward the end of their
PMS evolution (&80% of the PMS lifetime).
6. Up to 70% of the disk cavities is significantly smaller in scat-
tered light than in the (sub-)millimeter.
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We also investigated the framework of the current dataset,
revealing that primarily evolved super-solar and young sub-solar
mass stars have been observed thus far. The former limit may be
related to the embedding envelope of early-type, massive stars.
The latter is instead due to the low brightness of evolved TTSs,
which is technically challenging for the current instruments. We
also found a relatively strong bias toward single stars, massive
disks, and transition disks.
Our conclusions based on points (1) and (2) are that disks
may always host substructures but these remain undetected in
small disks (10−20 au in size) and in several young disks, since
they are faint. Their faintness is likely related to the absence of
a disk cavity, in a scenario where most disks older than ∼5 Myr
host a cavity, and are therefore bright. The general preference
to observe this type of object explains why the disk mass evo-
lution is so flat (point 3), since the bulk of the disk population
(composed of small disks in stellar systems and rapidly evolv-
ing disks) remains mostly unobserved in scattered light. In other
words, the current PDI dataset includes a large fraction of the
disks with a lifetime longer than the e-folding time of ≈5 Myr
(Ribas et al. 2014), and it therefore represents a particular path
of disk evolution. This view is summarized in Fig. 6.
Points (4) to (6) are all suggestive of the presence of plane-
tary companion(s) within the cavities. In fact, a giant planet of
at least ≈1 MJup may perturb the orientation and the scale height
of the inner disk thus generating a high NIR and shadows on the
outer disk. The same planet(s) or, indirectly, the shadows, can
then trigger the spiral waves. In this scenario, the absence of spi-
rals around TTSs may be due to (i) our inability to observe the
late PMS evolution of sub-solar stars (see Fig. 6), or to (ii) the in-
efficiency of less massive disks to form massive planets. In any
case, gravitational instability as the origin of spirals is less plau-
sible, since the disk masses of these objects are on average lower
than the others. A giant planet is also the most likely explana-
tion for the small size of NIR cavity compared to the millime-
ter, since planets differentially filter the dust grains. However,
these planets should not be more massive than ≈5 MJup to allow
the replenishment of the inner disk that is always present in our
sample.
Currently only a small fraction of our sample has comple-
mentary (sub-)millimeter images with a comparable angular res-
olution (from ALMA). However, this fraction will certainly in-
crease in the near future. The results of this work will therefore
have to be confronted with the newer PDI and ALMA observa-
tions that the community will soon carry out.
Acknowledgements. We thank the SPHERE consortium for making some GTO
unpublished data available for the paper. We acknowledge the referee for the
constructive report. This research has made use of the VizieR catalogue access
tool, CDS, Strasbourg, France. The original description of the VizieR service was
published in A&AS 143, 23. This work has been supported by the project PRIN-
INAF 2016 The Cradle of Life - GENESIS-SKA (General Conditions in Early
Planetary Systems for the rise of life with SKA). A.G. acknowledges the sup-
port by INAF/Frontiera through the "Progetti Premiali" funding scheme of the
Italian Ministry of Education, University, and Research. We acknowledge fund-
ing from ANR of France under contract number ANR-16-CE31-0013 (Planet
Forming disks). P.P. acknowledges support by NASA through Hubble Fellowship
grant HST-HF2-51380.001-A awarded by the Space Telescope Science Institute,
which is operated by the Association of Universities for Research in Astronomy,
Inc., for NASA, under contract NAS 5-26555.
References
Akiyama, E., Hashimoto, J., Liu, H. B., et al. 2016, AJ, 152, 222
Alcalá, J. M., Manara, C. F., Natta, A., et al. 2017, A&A, 600, A20
ALMA Partnership, Brogan, C. L., Pérez, L. M., et al. 2015, ApJ, 808, L3
Andre, P. & Montmerle, T. 1994, ApJ, 420, 837
Andrews, S. M., Rosenfeld, K. A., Kraus, A. L., & Wilner, D. J. 2013, ApJ, 771,
129
Andrews, S. M. & Williams, J. P. 2005, ApJ, 631, 1134
Andrews, S. M. & Williams, J. P. 2007, ApJ, 671, 1800
Ansdell, M., Williams, J. P., Trapman, L., et al. 2018, ApJ, 859, 21
Ansdell, M., Williams, J. P., van der Marel, N., et al. 2016, ApJ, 828, 46
Apai, D., Pascucci, I., Brandner, W., et al. 2004, A&A, 415, 671
Augereau, J. C., Lagrange, A. M., Mouillet, D., & Ménard, F. 2001, A&A, 365,
78
Avenhaus, H., Quanz, S. P., Garufi, A., et al. 2018, ArXiv e-prints
[arXiv:1803.10882]
Avenhaus, H., Quanz, S. P., Schmid, H. M., et al. 2014, ApJ, 781, 87
Balog, Z., Siegler, N., Rieke, G. H., et al. 2016, ApJ, 832, 87
Banzatti, A., Garufi, A., Kama, M., et al. 2018, A&A, 609, L2
Banzatti, A., Garufi, A., Kama, M., et al. 2017, ArXiv e-prints
[arXiv:1711.09095]
Barenfeld, S. A., Carpenter, J. M., Sargent, A. I., Isella, A., & Ricci, L. 2017,
ApJ, 851, 85
Beckwith, S. V. W., Sargent, A. I., Chini, R. S., & Guesten, R. 1990, AJ, 99, 924
Benisty, M., Juhasz, A., Boccaletti, A., et al. 2015, A&A, 578, L6
Benisty, M., Stolker, T., Pohl, A., et al. 2017, A&A, 597, A42
Bertrang, G. H.-M., Avenhaus, H., Casassus, S., et al. 2018, MNRAS, 474, 5105
Beuzit, J.-L., Feldt, M., Dohlen, K., et al. 2008, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 7014, Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, 18
Canovas, H., Montesinos, B., Schreiber, M. R., et al. 2017, ArXiv e-prints
[arXiv:1710.09393]
Canovas, H., Montesinos, B., Schreiber, M. R., et al. 2018, A&A, 610, A13
Csépány, G., van den Ancker, M., Ábrahám, P., Brandner, W., & Hormuth, F.
2015, A&A, 578, L9
Czekala, I., Andrews, S. M., Jensen, E. L. N., et al. 2015, ApJ, 806, 154
da Silva, L., Torres, C. A. O., de La Reza, R., et al. 2009, A&A, 508, 833
de Boer, J., Salter, G., Benisty, M., et al. 2016, A&A, 595, A114
de Juan Ovelar, M., Min, M., Dominik, C., et al. 2013, A&A, 560, A111
Duchêne, G. & Kraus, A. 2013, ARA&A, 51, 269
Durisen, R. H., Boss, A. P., Mayer, L., et al. 2007, Protostars and Planets V, 607
Ercolano, B. & Pascucci, I. 2017, Royal Society Open Science, 4, 170114
Facchini, S., Juhász, A., & Lodato, G. 2018, MNRAS, 473, 4459
Facchini, S., Lodato, G., & Price, D. J. 2013, MNRAS, 433, 2142
Fairlamb, J. R., Oudmaijer, R. D., Mendigutía, I., Ilee, J. D., & van den Ancker,
M. E. 2015, MNRAS, 453, 976
Fedele, D., Tazzari, M., Booth, R., et al. 2018, A&A, 610, A24
Flock, M., Fromang, S., Turner, N. J., & Benisty, M. 2017, ApJ, 835, 230
Follette, K. B., Grady, C. A., Swearingen, J. R., et al. 2015, ApJ, 798, 132
Follette, K. B., Tamura, M., Hashimoto, J., et al. 2013, ApJ, 767, 10
Folsom, C. P., Bagnulo, S., Wade, G. A., et al. 2012, MNRAS, 422, 2072
Gaia Collaboration. 2016, VizieR Online Data Catalog, 1337
Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, ArXiv e-prints
[arXiv:1804.09365]
Garufi, A., Benisty, M., Stolker, T., et al. 2017a, The Messenger, 169, 32
Garufi, A., Meeus, G., Benisty, M., et al. 2017b, A&A, 603, A21
Garufi, A., Quanz, S. P., Avenhaus, H., et al. 2013, A&A, 560, A105
Garufi, A., Quanz, S. P., Schmid, H. M., et al. 2014, A&A, 568, A40
Garufi, A., Quanz, S. P., Schmid, H. M., et al. 2016, A&A, 588, A8
Ginski, C., Benisty, M., van Holstein, R. G., et al. 2018, ArXiv e-prints
[arXiv:1805.02261]
Ginski, C., Stolker, T., Pinilla, P., et al. 2016, A&A, 595, A112
Grady, C. A., Muto, T., Hashimoto, J., et al. 2013, ApJ, 762, 48
Grady, C. A., Woodgate, B., Bruhweiler, F. C., et al. 1999, ApJ, 523, L151
Hashimoto, J., Dong, R., Kudo, T., et al. 2012, ApJ, 758, L19
Hashimoto, J., Tamura, M., Muto, T., et al. 2011, ApJ, 729, L17
Hauschildt, P. H., Allard, F., & Baron, E. 1999, ApJ, 512, 377
Henning, T., Launhardt, R., Steinacker, J., & Thamm, E. 1994, in Astronomical
Society of the Pacific Conference Series, Vol. 62, The Nature and Evolution-
ary Status of Herbig Ae/Be Stars, ed. P. S. The, M. R. Perez, & E. P. J. van
den Heuvel, 171
Herczeg, G. J. & Hillenbrand, L. A. 2014, ApJ, 786, 97
Hughes, A. M., Andrews, S. M., Wilner, D. J., et al. 2010, AJ, 140, 887
Isella, A., Pérez, L. M., Carpenter, J. M., et al. 2013, ApJ, 775, 30
Itoh, Y., Oasa, Y., Kudo, T., et al. 2014, Research in Astronomy and Astro-
physics, 14, 1438
Jeffers, S. V., Min, M., Canovas, H., Rodenhuis, M., & Keller, C. U. 2014, A&A,
561, A23
Kama, M., Folsom, C. P., & Pinilla, P. 2015, A&A, 582, L10
Keppler, M., Benisty, M., Müller, A., et al. 2018, ArXiv e-prints
[arXiv:1806.11568]
Kochanek, C. S., Shappee, B. J., Stanek, K. Z., et al. 2017, PASP, 129, 104502
Kraus, S., Kreplin, A., Fukugawa, M., et al. 2017, ApJ, 848, L11
Kuhn, J. R., Potter, D., & Parise, B. 2001, ApJ, 553, L189
Kunder, A., Kordopatis, G., Steinmetz, M., et al. 2017, AJ, 153, 75
Article number, page 11 of 16
A&A proofs: manuscript no. aa
Kusakabe, N., Grady, C. A., Sitko, M. L., et al. 2012, ApJ, 753, 153
Langlois, M., Pohl, A., Lagrange, A.-M., et al. 2018, ArXiv e-prints
[arXiv:1802.03995]
Lenzen, R., Hartung, M., Brandner, W., et al. 2003, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 4841, Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, ed.
M. Iye & A. F. M. Moorwood, 944–952
Lommen, D. J. P., van Dishoeck, E. F., Wright, C. M., et al. 2010, A&A, 515,
A77
Long, F., Herczeg, G. J., Pascucci, I., et al. 2018, ArXiv e-prints
[arXiv:1806.04826]
Long, F., Herczeg, G. J., Pascucci, I., et al. 2017, ApJ, 844, 99
Macintosh, B., Graham, J. R., Ingraham, P., et al. 2014, Proceedings of the Na-
tional Academy of Science, 111, 12661
Manara, C. F., Testi, L., Herczeg, G. J., et al. 2017, A&A, 604, A127
Manara, C. F., Testi, L., Natta, A., et al. 2014, A&A, 568, A18
Mannings, V. & Sargent, A. I. 2000, ApJ, 529, 391
Marino, S., Perez, S., & Casassus, S. 2015, ApJ, 798, L44
Mayama, S., Hashimoto, J., Muto, T., et al. 2012, ApJ, 760, L26
Meeus, G., Bouwman, J., Dominik, C., Waters, L. B. F. M., & de Koter, A. 2002,
A&A, 392, 1039
Meeus, G., Waters, L. B. F. M., Bouwman, J., et al. 2001, A&A, 365, 476
Menu, J., van Boekel, R., Henning, T., et al. 2015, A&A, 581, A107
Min, M., Stolker, T., Dominik, C., & Benisty, M. 2017, A&A, 604, L10
Monnier, J. D., Harries, T. J., Aarnio, A., et al. 2017, ApJ, 838, 20
Montesinos, M., Perez, S., Casassus, S., et al. 2016, ApJ, 823, L8
Mordasini, C., Alibert, Y., Benz, W., Klahr, H., & Henning, T. 2012, A&A, 541,
A97
Müller, A., Keppler, M., Henning, T., et al. 2018, ArXiv e-prints
[arXiv:1806.11567]
Muro-Arena, G. A., Dominik, C., Waters, L. B. F. M., et al. 2018, ArXiv e-prints
[arXiv:1802.03328]
Muto, T., Grady, C. A., Hashimoto, J., et al. 2012, ApJ, 748, L22
Natta, A., Testi, L., Neri, R., Shepherd, D. S., & Wilner, D. J. 2004, A&A, 416,
179
Nuernberger, D., Brandner, W., Yorke, H. W., & Zinnecker, H. 1998, A&A, 330,
549
Nuernberger, D., Chini, R., & Zinnecker, H. 1997, A&A, 324, 1036
Ogilvie, G. I. & Lubow, S. H. 2002, MNRAS, 330, 950
Oh, D., Hashimoto, J., Carson, J. C., et al. 2016, ApJ, 831, L7
Ohta, Y., Fukagawa, M., Sitko, M. L., et al. 2016, PASJ, 68, 53
Osterloh, M. & Beckwith, S. V. W. 1995, ApJ, 439, 288
Owen, J. E. 2016, PASA, 33, e005
Owen, J. E. & Lai, D. 2017, MNRAS, 469, 2834
Pascual, N., Montesinos, B., Meeus, G., et al. 2016, A&A, 586, A6
Pascucci, I., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831, 125
Pecaut, M. J. & Mamajek, E. E. 2013, ApJS, 208, 9
Pérez, L. M., Carpenter, J. M., Andrews, S. M., et al. 2016, Science, 353, 1519
Pinilla, P., Benisty, M., & Birnstiel, T. 2012, A&A, 545, A81
Pinilla, P., Birnstiel, T., & Walsh, C. 2015, A&A, 580, A105
Pinilla, P., Flock, M., Ovelar, M. d. J., & Birnstiel, T. 2016a, A&A, 596, A81
Pinilla, P., Klarmann, L., Birnstiel, T., et al. 2016b, A&A, 585, A35
Pinilla, P., Tazzari, M., Pascucci, I., et al. 2018, ApJ, 859, 32
Pohl, A., Benisty, M., Pinilla, P., et al. 2017, ApJ, 850, 52
Pojmanski, G. 1997, Acta Astron., 47, 467
Pollack, J. B., Hubickyj, O., Bodenheimer, P., et al. 1996, Icarus, 124, 62
Preibisch, T. & Zinnecker, H. 1999, AJ, 117, 2381
Quanz, S. P., Amara, A., Meyer, M. R., et al. 2013a, ApJ, 766, L1
Quanz, S. P., Avenhaus, H., Buenzli, E., et al. 2013b, ApJ, 766, L2
Quanz, S. P., Birkmann, S. M., Apai, D., Wolf, S., & Henning, T. 2012, A&A,
538, A92
Rapson, V. A., Kastner, J. H., Andrews, S. M., et al. 2015, ApJ, 803, L10
Ribas, Á., Merín, B., Bouy, H., & Maud, L. T. 2014, A&A, 561, A54
Rich, E. A., Wisniewski, J. P., Mayama, S., et al. 2015, AJ, 150, 86
Rosenfeld, K. A., Andrews, S. M., Hughes, A. M., Wilner, D. J., & Qi, C. 2013,
ApJ, 774, 16
Sallum, S., Follette, K. B., Eisner, J. A., et al. 2015, Nature, 527, 342
Salyk, C., Herczeg, G. J., Brown, J. M., et al. 2013, ApJ, 769, 21
Sandell, G., Weintraub, D. A., & Hamidouche, M. 2011, ApJ, 727, 26
Shappee, B. J., Prieto, J. L., Grupe, D., et al. 2014, ApJ, 788, 48
Sheehan, P. D. & Eisner, J. A. 2017, ApJ, 840, L12
Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593
Sissa, E., Gratton, R., Garufi, A., et al. 2018, ArXiv e-prints
[arXiv:1809.01001]
Soderblom, D. R., Hillenbrand, L. A., Jeffries, R. D., Mamajek, E. E., & Naylor,
T. 2014, Protostars and Planets VI, 219
Stolker, T., Dominik, C., Avenhaus, H., et al. 2016a, A&A, 595, A113
Stolker, T., Dominik, C., Min, M., et al. 2016b, A&A, 596, A70
Stolker, T., Sitko, M., Lazareff, B., et al. 2017, ApJ, 849, 143
Strom, K. M., Strom, S. E., Edwards, S., Cabrit, S., & Skrutskie, M. F. 1989, AJ,
97, 1451
Sylvester, R. J., Skinner, C. J., Barlow, M. J., & Mannings, V. 1996, MNRAS,
279, 915
Takami, M., Hasegawa, Y., Muto, T., et al. 2014, ApJ, 795, 71
Tamura, M. 2009, in American Institute of Physics Conference Series, Vol. 1158,
American Institute of Physics Conference Series, ed. T. Usuda, M. Tamura,
& M. Ishii, 11–16
Tamura, M., Hodapp, K., Takami, H., et al. 2006, in Proc. SPIE, Vol. 6269, So-
ciety of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,
62690V
Tang, Y.-W., Guilloteau, S., Dutrey, A., et al. 2017, ApJ, 840, 32
Thalmann, C., Janson, M., Garufi, A., et al. 2016, ApJ, 828, L17
Thalmann, C., Mulders, G. D., Janson, M., et al. 2015, ApJ, 808, L41
Thomas, S. J., van der Bliek, N. S., Rodgers, B., Doppmann, G., & Bouvier,
J. 2007, in IAU Symposium, Vol. 240, Binary Stars as Critical Tools Tests in
Contemporary Astrophysics, ed. W. I. Hartkopf, P. Harmanec, & E. F. Guinan,
250–253
Tsukagoshi, T., Momose, M., Hashimoto, J., et al. 2014, ApJ, 783, 90
Tsukagoshi, T., Nomura, H., Muto, T., et al. 2016, ApJ, 829, L35
Ubach, C., Maddison, S. T., Wright, C. M., et al. 2012, MNRAS, 425, 3137
van Boekel, R., Henning, T., Menu, J., et al. 2017, ApJ, 837, 132
van der Marel, N., Verhaar, B. W., van Terwisga, S., et al. 2016, A&A, 592, A126
Wagner, K., Apai, D., Kasper, M., & Robberto, M. 2015, ApJ, 813, L2
Walker, H. J. & Butner, H. M. 1995, Ap&SS, 224, 389
Wolff, S. G., Perrin, M., Millar-Blanchaer, M. A., et al. 2016, ApJ, 818, L15
Yang, Y., Hashimoto, J., Hayashi, S. S., et al. 2017, AJ, 153, 7
Zhang, K., Blake, G. A., & Bergin, E. A. 2015, ApJ, 806, L7
Article number, page 12 of 16
Garufi et al.: Evolution of protoplanetary disks from their taxonomy in scattered light
Appendix A: Caveats on the sample
The sample studied in this work is shown in Table 1. It consists
of the vast majority of sources being observed in PDI and with
either published papers or works in preparation (see Table 2 for
all references). We limit the sample to protoplanetary disks, by
excluding debris disks but also intermediate-stage disks (some-
times referred to as anemic disks, like e.g., HD141569). The
quantifying criterion to distinguish these three categories is the
FIR excess (being 0.1− 1% for anemic disks and < 0.1% for de-
bris disks). We also removed from the analysis those sources that
are contaminated by an embedding nebulosity (RY Tau and SU
Aur, Takami et al. 2014; Jeffers et al. 2014). In the following,
we discuss the individual sources that present either a critical
classification or caveats in the properties calculation.
– HD142527 and GG Tau A are here considered as Giant disks
but could also be labeled as Rim disks. They are certainly
peculiar objects (similar to each other) with a giant cavity
encompassed by a very prominent disk wall. They are both
multiple stellar system, as HD142527 consists of a pair of
F+M stars and GG Tau A of three M stars.
– HD31293, HD34282, GM Aur, IM Lup. These four Giant
disks may have a controversial classification. It is possible
that the multiple arms in IM Lup and GM Aur are concen-
tric rings that appear fainter than the prototypical cases like
TW Hya. In HD34282, the arm(s) can even be considered as
multiple spiral arms or a unique ring. Finally, HD31293 (AB
Aur) is the prototypical giant disk with multiple arms even
though Tang et al. (2017) showed the existence of a double-
spiral structure in CO resembling that of HD135344B.
– HD163296 is treated as a Ring disk in this work even though
the polarized signal is low (see Fig. D.1). This is motivated
by the fact that the ring itself is, unlike e.g., AS 209, very
bright while the overall brightness is low because of self-
shadowing of the inner disk regions (see Sect. 5.3 and Garufi
et al. 2017b).
– The PDI image of DoAr28 by Rich et al. (2015) does not
seem to show any peculiar structure. On the other hand, we
cannot infer whether the disk is intrinsically faint. It must be
noted that the disk is an outlier in the faint-young analogy, as
the star is as old as 6.3 Myr.
– In principle, a Rim disk with a significant signal from within
the cavity can be considered a Ring disk where the region
inside the rim is merely a disk discontinuity. PDS70 and
LkCa15 are here considered Rim, while PDS66 and J1852
are considered Ring, even though their classification is pos-
sibly interchangeable.
– The distance to HD179218 is larger than most of the other
sources (266 pc). However, this discrepancy (an average fac-
tor ≈1.8) does not seem enough to explain the faintness of
the disk by perspective considerations only. Other sources
with prominently imaged disks (e.g., LkHα330 and V1247
Ori) are much further away (310 and 398 pc, respectively).
– The uncertainties on all the properties of SR21 and IRS48
are much larger than the rest of the sample since the high
optical extinction AV (=6.3 and 10.0, respectively) makes the
calculation of the stellar luminosity critical.
– Unlike all other Small disks, HD144668 and DI Cha re-
main, to our knowledge, undetected in PDI. However, all
their properties are similar to those of the other Small disks
(see e.g., Garufi et al. 2017b) and the most likely explanation
for their non-detection is the very limited radial extent. We
therefore treat them here as Small disks.
We critically assessed that the main conclusions of the paper
remain unaltered by these critical cases.
Table B.1. Observability of young stars for some representative values
assuming a lower limit to the stellar brightness in the R band of 13 mag.
When the age is << 1 Myr or >20 Myr, the star is considered as never
and always observable, respectively.
Sources at 150 pc
AV = 0.0 mag AV = 2.0 mag
M∗ (M) Age (Myr) M∗ (M) Age (Myr)
0.2 Never 0.4 Never
0.3 <2 0.5 <1
0.4 <3 0.6 <2
0.5 <6 0.7 <3
0.6 Always 0.8 Always
Sources at 300 pc
AV = 0.0 mag AV = 2.0 mag
M∗ (M) Age (Myr) M∗ (M) Age (Myr)
0.4 Never 0.9 Never
0.5 <1 1.0 <2
0.6 <2 1.1 Always
0.8 <6
0.9 Always
Appendix B: Observability of faint stars
As discussed in Sect. 4.1, the absence of old, low-mass stars ob-
served thus far in scattered light is due to the limit in stellar
brightness imposed by this generation of telescopes. Assuming
a representative limit in the R band of ∼ 13 mag, this restriction
translates into the stellar properties shown in Table B.1.
Appendix C: Stellar variability
The stellar variability ∆V calculated in Sect. 3.2 for all the
sources of this work is shown in Fig. C.1. As commented in
Sect. 4.1, stars with a Ring disks appear less variable than other
categories like the Faint disks or the Inclined disks (being their
average 0.2, 0.8, and 1.0 respectively). The number of objects in
each category concurring to the average is typically low but in
the case of the Ring and Faint categories is reasonably high (12)
to infer that this is a significant finding. Investigating the origin
of the variability for each source is worthwhile but we defer this
analysis to a dedicated work.
Appendix D: Faint disks
What we define Faint disks in this work are sources with an ac-
tually low amount of scattered light, as can be seen in Fig. D.1
for some illustrative sources. This figure is an extension to that
presented by Garufi et al. (2017b). Beside the Faint disks, other
sources with low scattered-to-stellar light contrast are the Small
and the Inclined disks, as well as HD163296 (see Appendix A).
From the figure, it is also clear that RU Lup and AS 209 are
clearly outliers to the trend, having a prominent FIR excess but
low scattered-light brightness (see Avenhaus et al. 2018, and
Sect. 5.3).
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Fig. C.1. Stellar variability ∆V of the entire sample as calculated in Sect. 3.2. The narrow bars of the last box indicate the average of the various
categories and their height the number of objects contributing to the average. Note the discontinuity in all boxes at ∆V=2.
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